Purpose This paper compares environmental impacts of two packaging options for contrast media offered by GE Healthcare: +PLUSPAK™ polymer bottle and traditional glass bottle. The study includes all relevant life cycle stages from manufacturing to use and final disposal of the bottles and includes evaluation of a variety of end-of-life disposal scenarios. The study was performed in accordance with the international standards ISO 14040/14044, and a third-party critical review was conducted. Methods The functional unit is defined as the packaging of contrast media required to deliver one dose of 96 mL to a patient for an X-ray procedure. Primary data are from GE Healthcare and its suppliers; secondary data are from the ecoinvent database and the literature. A variety of end-of-life disposal scenarios are explored using both cutoff and marketbased allocation. Impact assessment includes human health (midpoint) and ecosystems and resources (end point) categories from ReCiPe (H) and cumulative energy demand. Sensitivity analyses include (1) bottle size, (2) secondary packaging, (3) manufacturing electricity, (4) glass recycled content, (5) scrap rate, (6) distribution transport, (7) contrast media, and (8) choice of impact assessment method.
assessed polymer vs. glass vials for injectable drug primary packaging and concluded that polymer vials show environmental benefit due to lower manufacturing impacts, a simpler filling step, and lower transport impacts due to lower weight. Humbert et al. (2009) conducted a comparison of glass jars and plastic (polypropylene) pots used for baby food packaging, concluding that the plastic pots show a "small but significant" reduction in environmental burden compared to the glass jars due to factors such as lower manufacturing impacts, lower transportation impacts due to lighter weight, and lower end-oflife disposal impacts. Other studies on packaging materials yield a variety of results (Frees and Weidema 1998; Franklin Associates 2009; Lee and Xu 2005; Owens-Illinois 2010) . Note that these studies do not necessarily reflect the inherent environmental benefit of one packaging material type over another since the results are specific to each packaging application and to the goal and scope of each particular study (including differences in assumptions regarding recycling rates).
The present LCA study compares the environmental impacts of two primary packaging options for contrast media used for diagnostic imaging procedures: a traditional glass bottle and the +PLUSPAK™ polymer (polypropylene) bottle, both manufactured by GE Healthcare. The study was performed to understand the environmental impacts and key drivers of impact for each packaging option and comprehensively explores end-of-life disposal scenarios using both cutoff and market-based allocation approaches. A comprehensive approach to end-of-life is important when products are globally distributed and face a variety of regional disposal regulations and practices. Market-based system expansion approaches are increasingly being used to deal with multifunctionality in recycling (Manfredi et al. 2012) .
This study follows the guidelines outlined by the international standards ISO 14040 and ISO 14044 (ISO 2006a, 2006b ) including third-party critical review as the study involves comparative assertions intended for public disclosure. Key findings are summarized; additional study details are provided as Electronic Supplementary Material.
Methods

Goal and scope
The goal of this study is to assess and compare the life cycle environmental impacts associated with polymer (+PLUSPAK™) and glass bottles used for delivering contrast media for X-ray procedures. A functional unit is defined to ensure that any comparisons are made on a functionally equivalent basis; in this study, the functional unit is defined as the packaging of contrast media required to deliver one dose of 96 mL to a patient for an X-ray procedure. The study examines both bottle types, from cradle-to-grave, by assessing the impacts associated with raw material extraction, production, distribution, use, and disposal. Several bottle sizes are assessed including 50, 100, 200, and 500 mL. The 100-mL bottle size with a dose of 96 mL is selected as the primary basis of comparison.
Life cycle inventory analysis
The +PLUSPA K™ polymer bottle consists of a pharmaceutical-grade polypropylene vial, rubber stopper, and polypropylene cap (all virgin materials); the glass bottle consists of a glass vial (containing 10-30 % glass cullet), rubber stopper, and a crimp seal made of aluminum and polypropylene.
Primary data and product information (including material types and quantities, manufacturing processes and associated parameters, supply chain, and distribution transport logistics including breakage and product loss) are provided by GE Healthcare and its suppliers. Secondary data (including cradle-to-gate materials extraction and refining and end-oflife treatment) are obtained from the ecoinvent life cycle inventory database (ecoinvent Centre 2010) and from the literature. Process data for autoclaving of the glass bottles at end-of-life are purchased (Environmental Clarity 2012). All material, energy, and environmental flows are quantified for each step in the product life cycle in accordance with the functional unit definition. Life cycle inventories for supply chain, assembly and filling, transport, and use are described in the Electronic Supplementary Material along with discussion of cutoff criteria, excluded data, and assumptions.
End-of-life The use and disposal of GE Healthcare's contrast media packaging takes place in hospitals across the globe. This study examines a wide range of end-of-life scenarios because of the various treatment methods used in different countries as well as within countries.
The default end-of-life treatments in this study are based on the most likely disposal methods for plastic and glass contrast media bottles in the USA. The polymer bottles are likely to be treated as municipal waste (Ed Krisiunas, President, WNWN International, personal communication, 2012) , and the study assumes an average split of 80 % landfill and 20 % incineration (US EPA 2012). The glass bottles are likely to be disposed of in a sharps container (Morrison and Odle 2007; Blackburn and Hawley 2006) and would therefore be treated by autoclaving and landfilling.
Additional treatment scenarios are considered (Table 1 ). In the European Union, most types of waste are stratified by the European Waste Catalog (European Waste Catalogue and Hazardous Waste List 2002). Some of the likely treatments for the sharps waste and other potentially infectious waste include (1) autoclaving and incineration; (2) incineration; and (3) pre-shred, autoclave, and incineration.
The study also considers recycling of materials at end-of-life. Two approaches are used to allocate the environmental impacts associated with recycling. The cutoff approach (Frischknecht 2010; Frischknecht et al. 2007 ) assigns environmental burdens of material production (raw material extraction, processing, etc.) to the first life of a material and assigns material refurbishment impacts (collection and scrap processing) to its second life. The sensitivity of the results to choice of allocation method is tested by using the market-based approach for system expansion (Weidema 2003) , in which the level of material utilization in the recycled materials market determines how the environmental burdens and benefits of recycling are allocated.
The cutoff allocation approach is also applied to landfill (no credit for landfill gas, if any) and incineration (no credit for heat recovery or electricity generation, if any). The market-based allocation approach is applied to incineration of the bottles by applying a credit for the heat and electricity generated.
Life cycle impact assessment
Since this study is directed toward health-care professionals, human health impacts are of primary importance. The healthcare industry is also keenly aware of energy and solid waste issues. To address these perspectives, this study uses human health midpoint impact categories and ecosystem quality and resources end point damage categories from the internationally accepted method ReCiPe (H) (Goedkoop et al. 2009 ). The climate change impact category within the ReCiPe Midpoint Table 1 End-of-life disposal scenarios for +PLUSPAK™ and glass bottles using either cutoff or market-based allocation approaches +PLUSPAK™ waste disposal scenarios Cutoff allocation Market-based allocation Municipal waste Municipal waste 80 % to landfill; 20 % to municipal incineration.
Incineration includes credit for electricity and heat generation as avoided burden: Polypropylene: 3.74 MJ electricity/kg; 7.54 MJ heat/kg Rubber: 3.02 MJ electricity/kg; 6.11 MJ heat/kg Autoclave and incineration Autoclave and incineration All materials autoclaved and then sent to municipal incineration.
Incineration includes credit for electricity and heat generation as above. Incineration Incineration (waste-to-energy) All materials sent to municipal incineration.
Incineration includes credit for electricity and heat generation as above. Pre-shred, autoclave, and incineration Pre-shred, autoclave, and incineration All materials shredded, autoclaved, and sent to municipal incineration.
Incineration includes credit for electricity and heat generation as above. Recycle Recycle Polypropylene to recycling (no impact or benefit). All other materials 80 % landfill/20 % municipal incineration.
Polypropylene to recycling (transport and shredding impacts included). Full credit for virgin polypropylene as avoided burden. All other materials 80 % landfill/20 % municipal incineration.
Glass bottle waste disposal scenarios Cutoff allocation Market-based allocation Autoclave and landfill Autoclave and landfill All materials autoclaved and then landfilled. Allocated portion of sharps container (polypropylene) included in disposal of glass and aluminum materials.
No difference from cutoff method.
Autoclave and incineration Autoclave and incineration All materials autoclaved and then sent to municipal incineration.
Allocated portion of sharps container (polypropylene) included in disposal of glass and aluminum materials.
Incineration includes credit for electricity and heat generation from rubber and polypropylene as above, but not from glass or aluminum.
Incineration Incineration (waste-to-energy) All materials sent to municipal incineration.
Incineration includes credit for electricity and heat generation from rubber and polypropylene as above, but not from glass or aluminum. Pre-shred, autoclave, and incineration Pre-shred, autoclave, and incineration All materials shredded, autoclaved, and sent to municipal incineration. Allocated portion of sharps container (polypropylene) included in disposal of glass and aluminum materials.
Recycle Recycle Glass to recycling (no impact or benefit). All other materials to 80 % landfill/20 % municipal incineration.
68 % of glass is recycled, with autoclaving and cullet sorting impacts included. Remaining glass is sent to municipal incineration. Other materials sent to 80 % landfill/20 % incineration.
(H) method includes all greenhouse gases specified in the Kyoto Protocol using global warming potentials from the IPCC Fourth Assessment Report with a 100-year time horizon (IPCC 2007) . The cumulative energy demand (CED) method (Jungbluth and Frischknecht 2010 ) is used to evaluate energy demand associated with a product's life cycle. The IMPACT 2002+ (Jolliet et al. 2003 and USEtox (Rosenbaum et al. 2008) methods are used to assess the sensitivity of the results to choice of impact assessment methodology.
Sensitivity and uncertainty analyses
Sensitivity analyses are performed to assess the effect of different bottle sizes (50, 100, 200, 500 mL), electricity grids (Europe, China, US), glass bottle recycled content (10-60 % cullet), polymer scrap rate (5-50 %), mode of distribution transport (air vs. ocean freight), different contrast media solutions (X-ray vs. MRI diagnostic agents), secondary packaging and shipping container (single-pack vs. multi-pack), and choice of impact assessment method (ReCiPe H vs.
IMPACT 2002+ vs. USEtox).
Uncertainty analysis is performed to understand how data quality affects the reliability and robustness of the study results for the comparison of the 100-mL glass and + PLUSPAK™ polymer bottles using the default end-of-life treatments. Flows and parameters within the model are input as probabilistic values, typically using lognormal distributions based on the pedigree matrix approach (Weidema and Wesnaes 1996) . Monte Carlo simulations are performed (1,000 runs), and a distribution is plotted indicating the percentage of runs in which one bottle type exhibits lower impact compared to the other bottle type in each impact category.
Results and discussion
The results reported here focus on comparison of the 100-mL glass and +PLUSPAK™ polymer bottles for delivering one dose (96 mL) of contrast media for an X-ray procedure. The comparative analysis indicates that, based on the data used and the assumptions made in this study, the polymer bottle has considerably lower environmental impact compared to the glass bottle for all of the impact categories considered (Fig. 1) : lower greenhouse gas emissions (46 % of emissions compared to glass), requires less cumulative energy (55 %), lower impact on ecosystems (39 %), lower impact on resources (59 %), and lower impacts in all other categories that are considered (ranging from 24 to 43 %).
Contribution analysis (Fig. 1) indicates that vial manufacturing is the most significant contributor for either bottle type. The bottle components (vial body, cap, crimp seal, and stopper) are the most significant contributors, and the vial body has the highest impacts among the bottle components for all impact categories considered (Table 2) . Secondary packaging-meaning the outer box and dividers-and shipping container also contribute to impact. Raw material transport, autoclaving during manufacturing, quality control (QC) rejects, broken and frozen bottles, lost contrast media, and incubation just prior to use are all minor contributors relative to other impacts (<1.3 % in all impact categories). Sensitivity analyses show that only the secondary packaging and shipping container have the potential to affect the comparative conclusions. For both bottle types, multi-pack packaging configurations have considerably less impact than single-pack configurations since less packaging materials are required per functional dose (Table 3) . When multi-pack secondary packaging configurations are used, the polymer bottle exhibits lower environmental impacts compared to the glass bottle in all impact categories considered. When single-pack secondary packaging configurations are used, the polymer bottle exhibits lower impacts in some categories (particulate matter, ecosystems), but no clear benefit in other categories.
The study results indicate that the polymer bottle is environmentally favorable compared to the glass bottle regardless of the end-of-life disposal method for either bottle type or whether cutoff or market-based allocation is used (Table 4) . The polymer bottle life cycle impacts range from 24 to 60 % (using cutoff allocation) or 20-57 % (using market-based allocation) of the default glass bottle impacts depending on impact category and end-of-life treatment.
The study compares different bottle sizes on a functionally equivalent "per dose" basis-two 50-mL bottles, one 100-mL bottle, half a 200-mL bottle, and one fifth of a 500-mL bottle. The polymer bottle exhibits lower environmental impact compared to the glass bottle for each bottle size (see Fig. S4 in the Electronic Supplementary Material). The 500-mL bottle has the lowest impacts per dose, and the 50-mL bottle has the highest impacts per dose for both bottle types. This can be attributed to the need for less bottle material and packaging (per dose) for the larger bottle sizes.
Sensitivity to air freight is examined by replacing all of the air transport with ocean freight for both bottle types. This change can reduce impacts by up to 30 % for the polymer bottle and up to 20 % for the glass bottle, but the polymer bottle still exhibits lower environmental impact compared to glass (see Table S4 in the Electronic Supplementary Material). Other sensitivity analyses results are shown in detail in section 2 of the Electronic Supplementary Material.
The Monte Carlo uncertainty analysis indicates that the polymer bottle has significantly lower environmental impact compared to glass in all impact categories considered. The differences are greater than zero in all 1,000 runs, and the distributions of the differences do not contain zero, indicating that the differences between the polymer and glass bottle are in fact significant. The results calculated from a Wilcoxon signed-rank test (Bauer 1972; Hollander and Wolfe 1999) confirm that the differences between the two bottle types are significant at the 95 % confidence level.
Conclusions
By analyzing the +PLUSPAK™ (polymer) and glass bottles, this study provides useful insight regarding the comparative environmental impacts and indicates where the largest impacts are occurring for each bottle type. Based on the assumptions, data, and methods used in this study, the polymer bottle outperforms comparably sized glass bottles by a considerable margin in every environmental impact category that is considered. The lower life cycle impacts of the polymer bottle can be generally attributed to the following: (1) lower material and manufacturing impacts partly due to its lower mass, (2) lower distribution impacts due to its lower mass, and (3) lower endof-life disposal impacts due to lower disposal impacts and lower mass. Secondary packaging is an important contributor to impact relative to the polymer and glass bottles. While polymer bottles exhibit considerably less environmental impact compared to the glass bottle for all multi-pack shipping configurations, the environmental benefit of the polymer bottle is less clear when single-pack shipping configurations are used (due to significantly higher quantities of packaging materials used per functional dose for both bottle types).
The study results suggest that lower environmental impact of contrast media packaging can be accomplished by the following: (1) using polymer rather than glass bottles, (2) using larger bottle sizes where feasible (lower impact per functional unit), (3) using material-efficient shipping configurations (multi-pack rather than single-pack), (4) reducing the proportion of distribution via air freight, and (5) encouraging recycling as an end-of-life treatment option (where available).
